Introduction
Inhalation of airborne uranium compounds such as UO 2 , UO 3 and U 3 O 8 is one of the major considerations for the health protection of nuclear workers involved in 1 IRSN/DRPH/SRBE, Laboratoire de radiotoxicologie expérimentale, BP 166, 26702 Pierrelatte, France. 2 IRSN/DRPH/SDI, Laboratoire d'évaluation de la dose interne, BP 17, 92262 Fontenay-aux-Roses, France.
Article published by EDP Sciences and available at http://www.edpsciences.org/radiopro or http://dx.doi.org/10.1051/radiopro:2005033 uranium concentration, purification, enrichment and in fuel fabrication (Boffetta et al., 1991; Fulco et al., 2000; Chazel et al., 2001) . After contamination, the systemic distribution of uranium cannot be directly measured in humans and must be inferred from the urinary or faecal uranium excretion rate using a biokinetic model (McDiarmid et al., 2002; Bailey et al., 2003; Stradling et al., 2003; McDiarmid et al., 2004) . For contamination through inhalation, the human respiratory tract model described in ICRP publication 66 (ICRP, 1994) and the uranium systemic model of ICRP publication 69 (ICRP, 1995) are used to design monitoring programmes and interpret activity measurements (Bailey et al., 2003) . These models are implemented to produce dose coefficients, retention and excretion functions.
Nuclear workers potentially exposed to radionuclides are monitored routinely at pre-determined time intervals. To interpret the monitoring data when no established incident took place, it is usually assumed that the possible intake happened at the middle of the monitoring interval (T/2 hypothesis). If chronic exposure is suspected, it is assumed that the intake occurred continuously (chronic hypothesis) during the entire monitoring interval (ICRP, 1997) . Using the biokinetic model of uranium under either of these two hypotheses, can lead to under-or overestimation of the real intake and, consequently, of the assessed dose and risk.
This study uses experimental data to compare the known experimental intake with the estimations obtained under the two hypotheses about the plausible time pattern of exposure used for nuclear workers (chronic or T/2 hypothesis).
Material and methods

Animals
Sixteen-week old, pathogen-free adult male OFA Sprague Dawley rats weighing 562 ± 26 g were obtained from Charles River Laboratories, France. General health parameters of the rats (animal weight, food and water consumption) were monitored weekly throughout the experiments. The study was conducted in accordance with French legislation on the protection of animals used for experimental purposes.
Aerosol generation
The industrial UO 2 powder found at workplaces in uranium fuel cycle facilities was supplied by COGEMA (Pierrelatte, France). The UO 2 characteristics were depleted insoluble (absorption Type S) uranium, specific alpha activity = 13 × 10 3 Bq g -1
; density = 11.44 g cm -3
; isotopic composition by mass: 238 U = 99.755%, 235 U = 0.244%, 234 U = 0.001%, 236 U < 0.0003%, 232 U < 0.00001%.
The instrument used for the UO 2 aerosol generation was a Small-Scale Powder Disperser (SSPD, model 3433, TSI, St. Paul, MN 55164, USA). The concentration of particles in the inhalation chamber was calibrated by sampling onto membrane filters (pore size 0.8 µm, 25 mm diameter, in cellulose acetate, Millipore). The particle size distribution of the aerosols administered to the rats was determined using an Andersen cascade impactor and an Aerodynamic Particle Sizer (APS, model 3310A, combined with a diluter, model 3302, TSI, USA). Sixty eight percent of the particles mass had an aerodynamic diameter from 0.4 to 9 µm. With the impactor, the aerodynamic median activity diameter (AMAD) was 2.53 µm (geometric standard deviation, gsd = 1.93). With the APS, the mass median aerodynamic diameter of the UO 2 particles was 1.8 µm (gsd = 1.66) and the number median aerodynamic diameter = 0.91 µm (gsd = 1.48).
Aerosol administration
The aerosol administration was achieved using a nose-only inhalation system (Phalen et al., 1984; André et al., 1989; Monleau et al., in press ). The rats were acclimatised to the housing facilities, metabolism cages and restraining tubes for at least two weeks. Following acclimatisation, repeated exposure started at twenty weeks of age. Animals were divided into two groups and exposed to repeated inhalations of UO 2 (group U = 15 rats) or clean air (group C = 12 rats) respectively. Group U was repeatedly exposed by inhalation for one hour to UO 2 with an aerosol concentration of 190 mg m -3 (lung intake around 200 µg), twice a week for three weeks (7 inhalations).
Uranium measurement
Rats were housed in metabolism cages for ten days post-exposure and then twice a week. Urine and faeces were collected every day. Three rats from group U were sacrificed 1, 3, 6, 15 and 30 days after the end of the repeated exposure and three rats from the control group C were sacrificed at days 1, 3, 15 and 30. Rats were anaesthetised with isoflurane and exsanguinated via the abdominal artery. They were autopsied immediately to collect the lungs (with trachea). The collected samples were placed in separate bottles, weighed, frozen and maintained at -20°C until analysed for uranium concentration.
To analyse the uranium content, the samples were asked based on a previouslypublished method (Ejnik et al., 2000) and the uranium mass content was determined by Kinetic Phosphorescence Analysis (KPA), Chemcheck, Richland, VA, USA (Hedaya et al., 1997) .
Rat inhalation model
The Cyclomod software (Malarbet, 1998 ) was used to design and implement the biokinetic model of uranium in rats (Monleau et al., in press ). Cyclomod predicts human urinary and faecal excretion of uranium and its retention in the ICRP biokinetic model compartments after a given intake. It is based on the models of ICRP publications 30, 66 and 69 (ICRP, 1979 (ICRP, , 1994 (ICRP, , 1995 and the algorithm described by Birchall and James (Birchall and James, 1987 ).
The transfer rates were adjusted to data from studies of acute intake of uranium by rats already published in the literature and reviewed by Leggett and Pellman (2003) and from an inhalation study of the acute intake of uranium by rats carried out in our laboratory (Monleau et al., in press ). For the acute inhalation study, sixteen rats were exposed by inhalation for two hours to UO 2 with an aerosol concentration of 375 mg m -3
; the uranium biokinetics in organs and excreta were monitored at 1, 3, 6, 15 and 30 days post-exposure. The biokinetic parameter values of the Cyclomod software, which initially refers to the ICRP human reference values, were changed so that the predicted retention and excretion functions matched the experimental data from rat organ and excreta measurements after the acute inhalation (Monleau et al., in press) . This rat inhalation model is used in this study to obtain the reference curves necessary to estimate the hypothetical intakes.
Test of the two hypotheses used for monitoring programme
During routine monitoring, when a positive measurement value is obtained and the time of intake within the monitoring period is unknown, it is usually assumed it took place at the middle of the monitoring interval (T/2 hypothesis). For a monitoring interval T, the hypothetical intake is M/m(T/2), where M is the measured quantity in lungs or excreta at the end of the monitoring interval and m(T/2) is the predicted value for an intake of 1 Bq that occurred at the mid-point of the monitoring interval T (ICRP, 1997). If chronic exposure is suspected, it can be assumed that the intake occurred continuously (chronic hypothesis) during the entire monitoring interval. In this case, the hypothetical intake is M/p(T), where M is the measured quantity in lungs or excreta at the end of the monitoring interval and p(T) is the predicted value for a daily intake of 1 Bq that occurred throughout monitoring interval T. The hypothetical intakes based on the biokinetic model were compared with the experimental intake.
Different contamination time patterns and monitoring intervals were considered. The monitoring interval was either smaller or larger than the experimental exposure time. In these different cases, the estimated experimental intake was compared with the hypothetical intakes obtained under both hypotheses from lung or urine measurements.
Results and discussion
For routine monitoring of workers, only intake by inhalation is considered (ICRP, 1997). The reference uranium biokinetics for rats obtained from the rat inhalation model under the two hypotheses, mid-interval and chronic exposure, are illustrated in Figure 1 (respectively A and B) . These functions were used to calculate the hypothetical intakes. We first considered a monitoring interval equal to the experimental exposure time. Table I compares the experimental intake with the hypothetical intakes estimated from measurements in the lungs and excreta under both hypotheses.
Under the T/2 hypothesis, the hypothetical intake derived from the lung measurement supplied the most realistic estimation, although the intake was slightly underestimated by a factor of two. The hypothetical intakes derived from TABLE I Test of two hypotheses for interpretation of routine monitoring of uranium in lungs and excreta. We postulate here that the monitoring interval is equal to the exposure period of 20 days. IA -T/2 hypothesis, the hypothetical intake took place at day 10, the middle of the monitoring interval. IB -Chronic intake hypothesis. Essai de deux hypothèses pour l'interprétation de la surveillance de l'uranium dans les poumons et les excrétions. excreta measurements were overestimated from the urine measurement (by about a factor of 4) to highly overestimated from the faecal measurement (by a factor of 44). This significant overestimation of intake derived from faecal measurement can probably be explained by the high faecal excretion by rats in the first day (data no shown). This very rapid faecal excretion kinetics observed in rats makes it difficult to extrapolate this result to humans. Under the chronic hypothesis, the hypothetical intake derived from the lung measurement showed little variation and the estimations from excreta measurements were more realistic.
Lungs Urine Faeces
IA -T/2 Hypothesis T/2 = 10 days
As a conclusion, whatever the hypothesis, the theoretical intake derived from the lung measurement is reasonable but slightly underestimated. But lung measurements are not often used in practice, because only very large intakes can be detected by direct in vivo measurement. Although uranium dioxide is relatively insoluble, the estimation of the intake from urine measurement is correct, with an overestimation by a factor lower than 4. The estimation of uranium intakes and doses from urine samples are very sensitive to the dissolution rate in the lungs. On the other hand, the estimation from faecal measurement is reasonable only under the chronic hypothesis.
In the second case-study, the intake from lung and urine measurements was estimated for a monitoring interval being ten days longer than the exposure period. The contamination period may take place at the beginning or at the end of the monitoring interval. Experimental and theoretical intakes were compared under both hypotheses from lung (Tab. II) and urine (Tab. III) measurements.
From the lung measurement, the hypothetical intakes were underestimated (by a factor of 2 to 4) regardless of the hypothesis and the position of the exposure period in the monitoring interval. The T/2 hypothesis may seem a little better (underestimation only by a factor of 2) but with no significant advantage on the chronic hypothesis. From the urine measurement, the hypothetical intakes were underestimated when the exposure period was at the beginning of the monitoring interval, all the more if the chronic hypothesis was applied (by a factor of 15). However, when the exposure period was at the end of the monitoring interval, the hypothetical intakes were overestimated and the T/2 hypothesis overestimated the intake more (by a factor around 5) than the chronic hypothesis (by a factor of 1.3).
In conclusion, the hypothetical intakes derived from lung measurement were fairly insensitive to a possible error in estimating the exposure period, unlike the hypothetical intakes derived from urine measurement.
In the third case-study, the intakes from lung and urine measurements were estimated for a monitoring interval being ten days shorter than the exposure period.
The monitoring interval may take place at the beginning or at the end of the exposure period. When the monitoring interval is at the beginning of the exposure period, the situation is comparable to the scenario described in Table I with a shorter exposure period corresponding to the monitoring interval. The case where the monitoring interval is at the end of the exposure period could correspond to the situation of a past contamination not detected during the previous monitoring or to the first monitoring of a worker contaminated elsewhere. Experimental and theoretical intakes from lung and urine measurements were compared under both
TABLE II
Test of two hypotheses for interpretation of routine monitoring of uranium in lungs. We postulate here that the monitoring interval is 10 days longer than the exposure period. Exposure period = 20 days; monitoring interval = 30 days. IIA -T/2 hypothesis, the hypothetical intake took place at day 15, the middle of the monitoring interval. IIB -Chronic intake hypothesis. Essai de deux hypothèses pour l'interprétation de la surveillance de l'uranium dans les poumons.
Exposure (1) at beginning of interval Exposure (2) at end of interval
IIA -T/2 Hypothesis T/2 = 15 days
Experimental retention in lungs (µg/g) 10 days post-exposure 550 1 day post-exposure 600
Predicted value 15 days after acute intake of 1Bq (µg/g) 2.85 2.85
Cumulated intake (Bq) 400
Hypothetical intake (Bq) 193 210
Hypothetical versus experimental intake 0.48 0.53
IIB -Chronic hypothesis
Predicted value (µg/g) for a daily intake of 1 Bq for 30 days 114 114
Daily intake (Bq/day) 19
Hypothetical intake (Bq/day) 4.8 5.3
Hypothetical versus experimental intake 0.25 0.28 hypotheses when the monitoring interval is at the end of the exposure period (Tab. IV).
Regardless of the hypothesis, the hypothetical intakes were underestimated (by a factor around 2) when estimated from lung measurement and were overestimated (by a factor around 2) when estimated from urine measurement.
TABLE III
Test of two hypotheses for interpretation of routine monitoring of uranium in urine. We postulate here that the monitoring interval is 10 days longer than the exposure period. Exposure period = 20 days; monitoring interval = 30 days. IIIA -T/2 hypothesis, the hypothetical intake took place at 15 days, the middle of the monitoring interval. IIIB -Chronic intake hypothesis. Essai de deux hypothèses pour l'interprétation de la surveillance de l'uranium dans les urines.
Exposure (1) 
Conclusions
In case of inhalation of an insoluble uranium compound, the hypothetical intake derived from the lung measurement is relatively reliable under both T/2 and chronic hypotheses used in monitoring programmes, as it is only lightly affected by the contamination time pattern. The main disadvantage is that the limit of detection of uranium by lung measurement is rather high (at least 20 Bq).
TABLE IV
Test of two hypotheses for interpretation of routine monitoring of uranium in lungs and urine. We postulate here that the monitoring interval is 10 days shorter than the exposure period of 20 days. IVA -T/2 hypothesis, the hypothetical intake took place at the middle of the monitoring interval (day 5) which corresponds to 15 days of exposure. IVB -Chronic intake hypothesis. Essai de deux hypothèses pour l'interprétation de la surveillance de l'uranium dans les poumons et les urines.
Lungs Urine
IVA -T/2 Hypothesis T/2 = 5 days
Experimental retention (µg/g lung) or daily excretion (µg) 1 day post-exposure 600 15
Predicted value 5 days after acute intake of 1 Bq (µg/g or µg) 3.15 0.02
Hypothetical intake (Bq) 190 750
Hypothetical versus experimental intake 0.47 1.9
IVB -Chronic hypothesis
Predicted value (µg/g or µg) for a daily intake of 1 Bq for 10 days 60 0.48
Hypothetical intake (Bq/day) 10 31
Hypothetical versus experimental intake 0.5 1.6
The hypothetical intake from excreta measurement depends much on the assumption on the time of intake. Assuming the most realistic contamination time pattern has a fundamental impact on the reliability of intake and dose assessments. The chronic hypothesis is more realistic if the monitoring interval is similar to the actual contamination period. Otherwise, the T/2 hypothesis is more conservative, as it tends to overestimate the intake in the majority of cases or to underestimate it only slightly.
The monitoring programmes must take into account the possible contamination type, the sensitivity of the measurement techniques and the biokinetics of the radionuclide to specify a monitoring interval that allows a reasonably accurate estimation of intakes when the time of exposure is unknown.
